Summary Container-grown quiescent Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco) seedlings were air dried to plant water potentials of −0.2, −2.2 or −3.8 MPa (unstressed, moderate, and severe stress treatments, respectively). Trees from each treatment were either placed in root mist chambers held at 10, 20, or 28 °C for 28 days and root growth potential (RGP) and plant water potential (PWP) measured weekly, or potted in a 1/1 mix of peat and vermiculite, watered only once, and height growth and survival recorded after 10 weeks in an unheated greenhouse. Root growth potential of unstressed trees was greater than that of moderately stressed trees at all temperatures. Root growth potential of severely stressed trees was zero. Predawn plant water potentials of unstressed and moderately stressed trees were initially high, fell to −0.5 to −0.8 MPa, and then increased. Predawn plant water potential of severely stressed trees declined continuously over the 28-day experiment. Survival and height growth of the severely stressed trees were reduced compared to the unstressed and moderately stressed trees. Among the root growth potential measurements, RGP measured after 7 days at 10 °C was most sensitive to drought stress history and revealed differences in vigor that were not apparent from the survival and height growth data.
Introduction
The pressure chamber has become a standard tool for measuring plant water potential (PWP) Hinckley 1975, Krizek 1985) ; however, the technique measures only the current PWP and is not able to detect a previously low PWP once the stress has been relieved. Nevertheless, all drought stress events may have important effects on a plant's ability to survive and grow after transplanting (Parker and Patton 1975 , Larsen 1978 , Kandiko et al. 1980 , Aussenac and Finkelstein 1983 , White 1987 , Feil et al. 1988 ). The root growth potential (RGP) test is a useful indicator of seedling vitality, especially when seedlings are planted on stressful sites (Dolata 1986 , Dunsworth 1986 , Burdett 1987 , Binder et al. 1988 , Grossnickle et al. 1988 , Simpson et al. 1988 , Landis and Skakel 1988 , Grossnickle and Arnott 1989 , Hawkins and Binder 1990 , Ritchie and Tanaka 1990 . In most cases, the RGP test is run in a root mist chamber at ambient, or somewhat above ambient, greenhouse temperature (Burr et al. 1987, Rietveld and . Use of an above-ambient temperature is a matter of convenience for several reasons, but root growth at above-ambient temperatures might not indicate what will happen on the planting site where soil temperatures are generally low.
The objectives of this study were to determine if root growth potential, measured at several temperatures, could detect a previous drought stress event, and to explore the relationships between drought stress, RGP, and forest establishment.
Materials and methods
The test species was interior Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco), and the seed source was from Happy Jack, Arizona (latitude 34°45′ N, longitude 111°22′ W, elevation 1850 m). In May 1989, seed was sown in 400-ml Spencer-LeMaire Rootrainer containers in a 1/1 (v/v) mix of peat and vermiculite in a greenhouse, as described by Tinus and McDonald (1979) . In late summer, when the seedlings had attained a height of about 40 cm, they were moved to a shadehouse and allowed to set bud and harden off. With the onset of freezing weather, their rootballs were well mulched for the winter. Except for the usual winter stress on exposed shoots, the trees were not exposed to any significant water stress until the experiment began in April 1990. At that time the seedlings were quiescent, well watered, and ready for spring growth.
The seedling roots were gently washed free of growing medium and divided into six groups of about 100 plants. Immediately, one group of unstressed plants was transferred to mist chambers and a second group of unstressed plants was potted and thoroughly watered. Four groups were laid out on a concrete floor in a greenhouse and allowed to dry at an air temperature of 32 °C and a relative humidity (RH) of about 25%. The decrease in PWP of side branches was followed with a pressure chamber (PMS Instruments, Corvallis, OR). Initially, PWP was about −0.2 MPa. As the trees air dried, randomly selected plants were measured at the rate of one every 2--3 min. When the PWP of several trees in a group had reached −2.2 MPa (in about 20 min), the group was transferred to root mist chambers in a greenhouse and a second group was potted and thoroughly watered. This moderate stress was selected as a best guess at the turgor loss point, but the latter may have been changing rapidly at that time of year (Ritchie and Shula 1984) . Plant water potential measurements of the remaining two groups of plants continued and, about 2 h later when the PWP of several plants in one group had reached −3.8 MPa (which is approaching the death point (Heth and Kramer 1975) ), the group was transferred to root mist chambers in a greenhouse and a second group was potted and watered well.
For both the potted trees and the trees in the mist chambers, the intent was to insure that once the target stress was reached, there would be no further increase in stress.
Root mist chambers were modified chest freezers equipped with aquarium heaters so that they could maintain 100% humidity and an air temperature within ± 0.5 °C of a setpoint between 2 and 35 °C. The roots were intermittently misted from below with tap water to prevent drying.
The root mist chambers were set at 10, 20 or 28 °C, two chambers per temperature. Eight seedlings from each drought treatment were placed in each mist chamber with the stress treatments randomized by row. The mist chambers were randomly located within the length of one side of a 6 × 15 m greenhouse to minimize any position effect. Roots were exposed to the mist chamber temperatures, but the shoots were exposed to ambient greenhouse conditions, which were approximately 25 °C daytime temperature with 30% RH, and 20 °C nighttime temperature with 80% RH, and a natural photoperiod of about 13 h with a typical irradiance of 700--1400 µmol m −2 s −1 of PAR. The experiment was started on Day 0. New roots longer than 5 mm were counted after 7, 14, and 21 days. On Days 1, 4, 7, 14, and 28, PWP was measured before dawn on side branches of two randomly selected trees from each stress and temperature treatment. For the pot experiment, trees were potted six per 10-liter pot (12 pots per treatment) in a 1/1 (v/v) mix of peat and vermiculite. The pots were watered to saturation and allowed to dry with no further watering to simulate conditions common to forest planting sites in western North America. The potted trees were placed in an unheated greenhouse where temperatures varied from a low of 15 °C at night to a high of 35 °C during the day. Ten weeks later, when new shoot growth was completed and buds were being set, survival and new height growth were recorded.
Responses to drought stress, temperature and time were assessed by analysis of variance. Following significant overall tests, Tukey's multiple comparison procedure was used to distinguish differences due to specific treatments. When variances were heterogeneous, Welch's test and Dunnett's T3 multiple comparison procedure (Dunnett 1980) were used in place of standard analysis of variance. Temperature and time were not analyzed by regression because trends were too variable.
Results
Root growth potential of unstressed trees was greater than that of trees stressed to −2.2 MPa (Figure 1 ) at all temperatures, although the difference was not significant after Day 7 in the 28 °C treatment because of large standard errors. Root growth increased with increasing root temperature (Figure 1 ), except in severely stressed (−3.8 MPa) trees which produced no new roots at any of the root temperatures tested.
Predawn PWP of unstressed trees with roots held at 10 or 20 °C was −0.2 to −0.3 MPa on Day 1, fell to −0.55 to −0.75 MPa between Days 7 and 14, and finally rose to about −0.4 MPa by Day 28. Predawn PWP of trees held at 28 °C also declined from −0.3 to −0.65 MPa, but did not rise above −0.5 MPa during the 28-day experiment (Figure 2A) . Unfortunately, the trends in PWP were not clear because of large standard errors.
Predawn PWP of moderately stressed trees with roots held at 10 or 20 °C showed a similar initial pattern to the unstressed trees falling from −0.2 to between −0.5 and −0.6 MPa, but there was no significant rise from the minimum. Plant water potential of trees held at 28 °C fell from −0.2 to −0.75 MPa and then rose to about −0.43 MPa ( Figure 2B ).
Predawn PWP of severely stressed trees was −0.3 MPa on Day 1 and continued to fall throughout the time the trees were in the root mist chambers, regardless of root temperature treatment, reaching −0.93 to −1.03 MPa on Days 14--28 (Figure 2C) .
Survival of the unstressed and moderately stressed potted trees was 90% after 10 weeks (Figure 3) , whereas survival of the severely droughted trees was only 40%. Height growth of surviving unstressed and moderately stressed trees was not significantly different. In contrast, the severe stress treatment reduced height growth by 75% compared to the unstressed treatment (Figure 3) . 
Discussion
Unstressed Douglas-fir seedlings had a high root growth potential typical of good quality nursery stock ready for spring planting (Landis and Skakel 1988) . Drought stress to the assumed turgor loss point reduced RGP by half, but did not reduce survival or height growth. Thus, the RGP test may be sensitive enough to detect a decline in vigor before enough vigor is lost to reduce field performance. This may explain why there is sometimes a poor correlation between RGP and field performance (Burdett 1987 , Landis and Skakel 1988 , Binder et al. 1988 , Simpson et al. 1988 . Drought stress to near the death point eliminated root growth in the RGP test, reduced survival by more than half and reduced height growth of the survivors by 75%.
Trees planted in pots were kept in a greenhouse, but had they been outside where they would have been exposed to drier air, more wind, and stronger sunlight, the stressed trees may have performed more poorly than the unstressed trees. However, it has previously been observed (G.A. Ritchie personal communication) that seedlings perform less well in greenhouse pot trials than under field conditions, perhaps because after planting in the field in spring, trees are usually subjected to several weeks of cold wet weather during which they are able to recover from stress before conditions favorable for growth occur. In contrast, trees placed in a greenhouse have no recovery period, and any damage is evident immediately. Moderate drought stress during nursery culture has also been observed to increase drought resistance (van den Driessche 1992), but the seedlings need some time for the adjustment to develop.
Predawn PWP of unstressed and stressed but not visibly damaged trees in the root mist chambers was observed to fall and then rise as the trees grew new roots. Although the roots in the mist chambers had wet surfaces all of the time, and the water supply was not limiting, the trees did not take up enough water to maintain high PWP until new roots developed. This behavior has been observed previously (Nambiar et al. 1979, Aussenac and El Nour 1986) and provides further evidence of the importance of unsuberized roots for water uptake.
It is also noteworthy that, within 24 h, PWP of the severely stressed trees rose from −3.8 to −0.3 MPa, the same value as in the controls. The severe stress treatment probably caused massive embolism in the xylem, yet the embolism must have dissipated quickly on return to low stress conditions. Similarly, Edwards et al. (1994) have shown that detached branch segments can recover quickly from embolism even when PWP is negative, and L.J. Heidmann (unpublished data) observed that ponderosa pine stressed to −6.3 MPa recovered to −0.3 MPa and resumed transpiration and photosynthesis within 48 h of rewatering.
The RGP measured at any of the root temperatures tested yielded similar information about the response to dessication before planting and subsequent survival and growth (Figures 1  and 3) . However, when the differences in RGP performance between unstressed and moderately stressed trees were compared, we found that the RGP test result was most sensitive to dessication before planting when the test was performed at the lowest of the three temperatures (10 °C) evaluated. The ratio of RGP of unstressed trees to that of trees subjected to partial dessication before planting decreased with increasing root temperature on all measurement dates (Table 1 ). This may indicate that the RGP test is most reliable as a predictor of field performance when it is conducted at a root temperature that is close to the soil temperature in the field. However, the sensitivity of the RGP test result to dessication before planting decreased with increasing time as well as soil temperature. Therefore, if RGP measurements at each root temperature had been made after the same number of root growing degree days above the threshold temperature for root growth, the sensitivity of the result to temperature may have been reduced. 
